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ALTTTUDE PERFORMANCE AND OPERATTONAL CHARACTERISTICS OF
29-INCE-DTAMETER TAIL-PIPE BURNER WITH SEVERAL FUEL
SYSTEMS AND FLAME HOLDERS OR
J35 TURBOJET ENGINE

By E. William Conrad and Willlam R. Prince

SUMMARY

An investigation of turbojet-engine thrust augmentation by
meang of tall-pipe burning has been conducted in the NACA ILewls
altitude wind tunnel, Several fuel systems and flame holders were
Investigated In a 28-Iinch-dismeter tall-pipe burner to determine
the effect of fuel distribution and flame-holder design on tail-
pipe-burmner performence and operational charaocteristics over a range
of simulated £light conditions.

At an altitude of 5000 feet, the type of flame holder used had
only a slight effect on the combustion efficlency. As the altitude
was increased, the decrease in peak combustion efflclency became
more rapld as the blockling area of the flame holder was reduced. At
all altitudes investigated, an lmprovement in the uniformity of the
raedial distribution of fuel and alr slightly inoreased the peak
combustion efficiencles and shifted the peak combustion efficiency
to higher tail-pipe fuel-air ratlos. The use of an internal cooling
liner extending the full length of the tail-pipe combustion chamber
provided adequate shell cooling et all flight conditions investigated.
At an altitude of 25,000 feet and rated engine speed, the ratio of
augmented thrust to normel thrust inocreesed from l.44 at a flight
Mech number of 0,27 to 1.87 at a £flight Mach number of 0.92, The
average specific fuel consumption increased from 2.48 to 2.55 pounds
per hour per pound net thrust as the flight Mach number Increased
over this range of Flight conditlions., Operation was possible with
most of the configurations up to an altitude of 45,000 feet at a
flight Mach number of 0,27,
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INTRODUCTION

In an extensive research program on thrust augmentation of
turbojet engines beling conducted at the NACA Lewis laboratory,
utilization of the tall-plpe-burning cycle has been shown to be a
practical method of increasing the thrust of turbojet engines
(references 1 to 4). As part of this program, an investigation of
thrust augmentetion by means of tail-pipe burning was conducted with
geveral axial-flow types of turbojet engine in the Lewis altitude
wind tunnel. The work reported in references 1 to 4 was largely
devoted to obteining maximum thrust with high combustlon efficiency
and also stable burner operation over a wide range of fuel-air
ratios and flight conditions. This investigation was conducted to
study the effect of tall-plpe-burner design varilables on burner
performance and operation over a wide range of simulated flight
conditions and thereby provide Information that could be applied in
designing tall-pipe burners. In order to obtain such informetion,
i1t is necessary to determine ‘the effect of flame holders, fuel
systems, and burner dimensione on the burner reguiremente of maximum
thrust with high combustion efficiency, stable burner operation over
a wlde range of fuel-air ratios and flight conditions, adequate tail-
plpe cooling, dependable starting, and minimum loss in thrust with
the burmer Ilnoperative.

In the phase of the tall-plpe~burning studles reported herein,
several fuel systems and flame holders were investigated on a
29-inch~dlameter tail-pipe burner used with an axial-flow turbojet
engine to determine the effect of fuel distribution and flame-
holdex design on tail-pipe~burner performance and cperating range.
Tail-pipe=burner ignition systems and cooling liners were also
investigated., Data were cbtained with each configuration over a
range of simulated flight conditlons.

Comparative performance data are presented to show the effect
on tail-pipe-burner combustion efficlency and exhaust-gas total
temperature of (1) radial fuel distribution, (2) direction of fuel
injection, and (3) type of flame holder. Data are presented in
graphical and tabular form for the best configuration investigeted
to show the effect of altitude and flight Mach number on performance.
Altitude blow-out characteristics, tail-pipe shell cooling, and
tail-pipe fuel ignition are discussed.
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APPARATUS AND INSTRUMENTATION

Engine

The J35 engine used in this investigation has a sea-level
static thruet of 4000 pounds at an engine speed of 7700 rpm and a
turbine-outlet temperature of 1250° F (1710° R). At this operating
condition, the air flow 1ls approximately 75 pounds per second. The
over-all length of the standard engine and tail pipe is about
15 feet and the maximum dismeter is about 38 inches. The main com~
ponents of the standard engine include an ll-stage axial-flow com-
pressor, elght cylindrical dlrect-flow combustors, a single-stage
impulse turbine, a tall pipe, and an exheust nozzle. The dlameter

of the standard exhasust nozzle used was 16;—"25- inches.

Throughout the investigetion, AN-F-48b, grade 80, unleaded
gasoline with & lower heating value of 19,000 Btu per pournd and a
hydrogen-carbon ratio of 0.186 was used in the tall-pipe burner and
AN-F-32 fuel with a lower heatlng value of 18,550 Btu per pound
and a hydrogen-carbon ratio of 0.155 was used in the engine.

Installation

The engine was mounted on & wing section that spanned the
20-foot-diameter test section of the altitude wind tunnel (fig. 1).
Engine-inlet air pressures corresponding to altitude flight con-
ditions were obtained by introducing dry refrigerated alr from the
tunnel make-up air system through a duct to the engline inlet. Alr
was throttled from approximately sea-level pressure to the desired
pressure at the engine inlet, while the static pressure in the tun-
nel test section was maintained to correspond to the desired alti-
tude. A sllip Joint with & frictionless seal was used in the duct,
thereby meking posslble the measuremsnt of thrust and instellation
drag with the tunnel scales. In order to simplify the installation,
no cowling was installed.

Tall-Pipe-Burner Assembly

The standard 5-foot tail pipe was replaced by a tail-pipe-
burner assembly 8 feet, 9 inches long, which was attached to the
downstream flange of the turbins cesing. A cross-sectional view of
the teil-pipe-burner assembly wilth a typical flame holder and fuel
system installed 1is shown in figure 2. The assembly consisted of .
three sections: (1) & diffuser section 30 inches long, tapering
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from an annular inlet area having an outslde diameter of 34 inches
to an outlet 29 inches in dlameter and having an outlet- to inlet-
area ratio of 1.75; (2) a oylindricel combustion chamber 29 inches
in diameter and 48 inches long containing a cooling liner; and

(3) a conical exhaust nozzle 27 inches long and 203% inches in

diameter at the outlet. Because a variable-area nozzle satiasfac=-
tory for tail-pipe burning was unavailable for this pert of the
program, & fixed conlcal exhaust nozzle wasg used. The diffuser
section, the combustion-chambexr shell, and the exhaust nozzle were
constructed of O.083-inch~thick Inconel, The downstream end of the

diffuser immer body was cut off at a dlameter of 8% inches and a

cone having a depth of 4 inches was installed, thereby providing a
turbulent reglon for seating & stabllizing flame in the centexr of
the pipe. The cooling liner, which was constructed of 0.063-inch-
thick Inconel, extended the full length of the combustion chamber,
Between the liner and the burner shell was a radial spece of

1/2 inch through which flowed & emall quantity of the tail-pipe
gas at approximately turbine-outlet temperature., The dimensions
of the cooling liner were the aame for all the configurations, but
the method of support varied.

Fuel systems and flame holders. - For all configurations the
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fuel was inJjected from 12 redlal tubes equally spaced circumferen- .

t1ally and located in a plane s% inches upstream of the diffuser
outlet, which corresponds to a distance of 10-';3 inches upstream of -
the flame holder and 7 inches upsiream of the pilot cone. Four
different sets of fuel injectors were used. Three sets were the
Impinging-Jet type wlth 0.035-inch-dliameter holes and were simi-
lar to those discussed in reference 3. The radial fuel distribu-
tlon differed among the three sets, which are designated fuel
patterns 1, 2, and 3 (fig. 3). The fourth set of fuel injectors
had 0,035-inch-dlameter holes drilled on both asldes of the spray
tubes to provide a fuel apray normal to the direction of gms flow.
The holes were arranged in the same radial locatiocn as pattern 3.
This inJector arrangement ls therefore deslignated slde-spray-
injector fuel pattern 3.

Three types of flame holder, vwhich are desigmted as two-V,
octagonal, and pilot flame holders (figs. 4 and 5), were used in
the investigation. Three gsiges of the two-V flame holder were
used, which are designated emall, medium, and large two-¥ flame
holders, depending on the diameter of the outer ring (fig. 4).
The coctagonal flame holder had a semicircular cross section and -
was degigned to approximate the semitoroidal flame holder used
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in the investigetions discussed in references 3 and 4. The cenbter
pllot cone served as the flame holder for ome of the configurations
and also served as a part of the flame holder for the other con-

figurations,

Eight conflgurations that Included the aforementioned flame
holders and fuel Injectors were investigated. The flame holder
and the fuel-injection system for each configuration are given in
the following table:

Con~ Flame Flow area Fuel-injection system
fig- holder blocked
ura= by flame
tion holdexr
(percent)
A Small two-V 21.5 Impinging~-jet injectors, fuel

pattern 1; fuel injected in
: downstrean directicn

B Smell two-V 21.5 Impinging-Jjet inJjectors, fuel

pattern 2; fuel injected in

downstream direction

Cc Medlium two-V 23.0 Impinging-Jjet injectors, fuel

' pattern 3; fuel inJected in

downstream direction

D Medium two-V 23.0 Impinging-Jet injectors, fuel

pattern 3; fuel injected In

upstream direction

E Medium two-V 23.0 Side-spray injectors, fuel
pattern 3

F Large two-V 29.2 Side-spray injectors, fuel
pattern 3

G Octagonal 18.9 Slde-spray injectors, fuel
pattern 3

H Pilot 0 Slde-spray injectors, fuel
pettern 3

The flame-holder blocklng area doces not include the cross-sectional
area of the pilot cone.

Ienition systems. - Two types of tail-pipe ignition system
were Investigated Zfig. 6). For cne system the fuel was inJjected
through a conical spray fuel nozzle in the center of the pilot cone
(system A). Two spark pluge were installed, one on either side of
the pllot cone. The other system provided ignition by a momentary
increase in fuel flow to the fuel nozzle In one of the engine com-
bustors (system B). This excess fuel in one combustor caused a
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burst of flame through the turbine, thereby igniting the tall-pipe
fuel. The tall-pipe-burner fuel pump was used as the source of
high-pressure fuel for this system.

Instrumentation

Pressures and temperatures were measured at several astations
in the engine and the tall-pipe burner. ZEngine alr flow was meas-
ured with survey rakes mounted at the engine inlet. A complete
pressure and temperature survey was obtained at the turbine outlet
and total and static pressures at the tall-pipe-burmer culet were
measured with a water-cooled survey rake., In order to cbtain a
correction to the ecale thrust measurements, the drag of the water-
cooled rake was determined by means of a hydraulic balance plston
mechaniem. Both engine and tall-plpe-burner fuel flows were meas-
ured by calibrated rotameters.

PROCEDURE

Data were ohbhtained over a range of tall-plpe fuel flows at the
following simulated flight conditionsa:

Altitude| Flight Configuration
(£+) Mach
number

5,000 0.26 (A|B|C|DIE|F |G| H
10,000 .26 G
15,000 .26 D F
15,000 .52 B
25,000 .26 |A|B|C|D|E|F |G
25,000 .52 B D Fr
25,000 .TL B DIE}|F
25,000 <91 B{C|D ¥FIG|E
25,000 1.10 B
30,000 .26 G
35,000 26 [AI|B D F |G| EH
40,000 .26. AR
45,000 .26 C|D|E|F |G| EH

Dry refrigerated air was supplied to the engine at standard NACA
conditions, except that no temperatures below about -20° F were
obtained. The total pressure at the englne inlet was regulated to
the value corresponding to the deslred flight condition essuming
complete free-stream ram=-pregsure recovery.

AATT
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At each flight condition with the engine operating at rated
speed of 7700 rpm, the tall-pipe fuel flow was varied from a min-
imum determined by imminent blow-out to a meximum determined by
(1) the limiting turbine-outlet temperature of 1250° F (1710° R),
(2) a 1imitation of about 7200 pounds per hour of the fuel-supply
system, or (3) rich combustion blow-out at high altitude.

Thrust measurements were cobtalned from the balance scales and
from the pressure survey at the exhaust-nozzle outlet. The thruat
values presented were obtalned from the balance-scale measurements.

The Jet-veloclty coefficlent may be defined as the ratio of
actual (scale) Jjet thrust to the ideal thrust determined by meas-
urements with the exhaust-nozzle survey rake. TVeriation of the
Jet=-velocity coefficient with the nozzle pressure ratio ls shown
by the following curve for the conlcal exhaust nozzle used:

— «96

c

N
] N
N\

AN

Jet-velocity coefficient,

.84 —~
1.0, 1.4 1.8 2.2 2.6 3.0 - 3.4

Nozzle pressure ratio, Pg/pg
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Thege values agree within the 1limit of data scatter with the values
glven 1n reference 5. The actual Jetv thrust for any other exhaugt-
nozzle design may be directly obtained by multiplying the thrust
values presented by the ratio of the appropriate Jet-veloclity
coefficlent to the coefficlent given by the curve.

Exhaust-gas temperature and combustlion efficlency were based
on the measurements at the exhaust-nozzle outlet. The probable
limits of error in the absolute values of Jet thrust, Jet tempera-

ture, and tail-pipe combustion efficiency are il%,:ts, and £5 per-

cent, respectively. The symbols used in this report and the methods
used in calculating the results are glven in the appendix.

RESULTS AND DISCUSSION

Resulte of a preliminary phase of this Investigation, in which
several flame holders and fuel systems were used in a ng-inch-

diameter tall-plpe burner, were unsatisfactory for operation at
altitudes above 25,000 feet because of the high combustlon-chamber-
inlet velocity. Satisfactory altitude performance and operational
characteristice were obtalned with the same engine by increasing
the tail-pipe-burner dliameter to 29 inches and thereby reducing the
burner-inlet velocity approximately 30 percemt.

The practical anplication of tail-pipe burning as & thrust-
sugmentation means requires the use of a variable-area exhaust
nozzle or a two-position exhaust nozzle. Inasmuch as a variable-~
area nozzle was unavailable, comparatlve performance data for the
goveral modifications investigated were ohtained with a fixed
conical exhaust nozzle.

Comparison of Buxrmer Modiflcaetions

Tail-pipe combustion efficiency and exhaust-gas total tempera-
ture were chomen as the variables to show the effect of radial fuel
distribution, the direction of fuel injection, and the type of flame
holder used. These variables are presented as a function of tail-
pipe fuel-air ratio, which is defined as the ratio of tail-pipe
fuel flow to the unburned air flow entering the tall pipe.

Radial fuel distribution, - The effect of varylng the radiel
d¢istribution of taill-pipe fuel 1s shown in flgure 7, in which data
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for configurations A and B are compared. For configuretion A with
fuel pattern 1, each injector had four palrs of impinging Jets;
whereas, for configuratlion B with fuel pattern 2, each injector had
three pairs of impinging Jets. At gll altitudes investigated, the
more uniform redial mixture afforded by fuel pattern 1 gave slightly
higher peak combustion efficiencles and increased the tail-pipe
fuel-air ratio at which the peak combuetion efficlency occurred.
Both of these factors contributed to the hlgher exhaust-ges tempera-
tures and the concomitant thrusts obtalned with configwration A.

Direction of fuel injection. ~ The exposure time of the fuel .
to the hot gases in the tall pipe and the peripheral distribution
of fuel might have an effect on combustion efficiency. The effect
of the direction of fuel injection is shown in figure 8, in which
date for configurations C, D, and E are compared. All three con-
figurations had fuel pattern 3, which was a modification of fuel
pattern 1 designed to glve a more homogeneous radial mixture. The
fuel was Injected downstream from impinging-jet injectors for con-
figuration G, upstream from impinging-jet injectors for configura-
tion D, and sidewise from side-spray lnjectors for configuration E.
At altitudes of 25,000 and 45,000 feet the directlon of fuel injec-
tion had no appreclable effect on the combustion efflciency or the
exhaust-gas total temperature.

Flame holders. - A comparison of the performance with four
different flame holders is presented In figure 9, which shows data
for configurations E, F, G, and H. Configuration E had the medium
two-V flame holder, configuration F the large two-V flame holder,
configuration G the octagonal flame holder, and configuration H the
pilot flame holder. At an altitude of 5000 feet, the varlations
in combustion efficiency and exhaust-gas total temperature with the
four flame holders were small. At this altitude the large and the
medium two-V flame holders had approximately the same combustion
efficlency and exhaust-gas total temperature at fuel-air ratios
above 0.025. Above this fuel-alr ratlo, the combustion efficlency
was gbout 0.05 lower with the octagonal flame holder than with the
two~V flame holders and from 0.05 to 0.09 lower with the pilot flame
holder than with the two-V flame holders. At an altitude of
45,000 feet, the varlations in combustion efficlency and exhaust-
gas total temperature with the four configurations were large. The
maximum combustion efficiencles obtained at thls altitude were 0.76
with the large two-V flame holder, 0.51 with the medium two-V flame
holder, 0.37 with the octegonal flame holder, and 0.13 with the pilot
Plame holder. The corresponiing exhaust-ges total temperatures
varied in the same manner as the combustion efficlency.
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The variation of the peak combustion efficiency with altitude
for each configuretion is shown In figure 10. These datea indiocete
that at an altitude of 5000 feet the type of flame holder used had
only & small effect on the combustion efficiency. In general, as
the altitude was increased, the differences in combustlion efficlency
obtained with the four configuratlons became considerably greater.
At all altltudes, the combustion efficliency decreased as the blocking
area of the flame holder was reduced. The broken portions of the
curve for configwretions F and G were determined by peak efficlency
values obtalned by slightly extrapolating the curves of tall-pilpe
combustion efficliency as a function of tail-pipe fuel-air ratlo.

Total-pressure-loss ratios across the standard tail pipe and
the tail-pipe burners under nonburning conditions were measured,
but the trends were inconclusive, The total-pressure-loss ratio
is defined as the loss in total pressure between the burner inlet
and the exhaust-nozzle outlet, divided by the burner-inlet total
pressure, At rated engine speed, the total-pressure-loss ratlo was
0.0l11l for the standard tail pipe and varied from 0.025 to 0,035
for the tail-pipe-burner configurations,

Performance Characteristics

From the data of figures 7 to 10 and from addlitional data
not shown, the highest tall-pipe cambustion efficilency and exhaust«
gas total temperatures were obtained with configuration F. Deta
obtained with configuration ¥ were therefore selected to demon-
strate the effect of altitule and flight Mach number on these
parameters. Data for configurations C, D, B, and ¥ have been
ghown to illustrate the effect of flight Mach number on thruat-
augmentation ratio, exhauat-gas total temperature, and specific
fuel consumption., Data obtailned with configuration F are presented
in table I.

Tall-pipe-burner performance, - The effect of altitude on the
variation of exhaust-gas totel temperature, tail~-pipe combustion
efficiency, and burner- and cambustion-chamber-inlet conditlons
with talil-pipe fuel-air ratio is shown in figure 1l for a range of
altitudes at a flight Mach number of 0.27. The cambustlon effi-
clency at an altitude of 35,000 feet reached a peak value of 0,86
at tall-pipe fuel-air ratios between about 0.03C and 0,040, which
correspond to over~all fuel-air ratios from 0.039 to 0.046.
Increasing the altitude from S000 to 35,000 feet resulted in
slightly higher combustion efficiency (fig. 11(b)) and exhaust-
ges total temperature (fig. 1l(z)). These slight increases, how-
ever, may be due to discrepancies in the data. A further increase
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in altitude to 45,000 feet resulted in a slight reduction in com-
bustion efficlency and exhaust-gas total temperature from those at
5000 feet. The marked reduction in these parameters as tall-plpe
fuel-eir ratio was reduced below about 0,025 was often assoclated
with combustion bdlow-out on one or both rings of the flame holder.

With the fixed-area exhaust nozzle, the burner-inlet conditions
varied with fuel-air ratio as shown in figures 1l(c) to li(e). Imn
general, the tail-pipe-burner-inlet total temperature and pressure
increased with tail-pipe fuel-air ratio, whereas the combustion-
chamber-inlet velocity remained constant at about 412 feet per
second. At a given tail-pipe fuel-air ratio, the burner-inlet total
temperature veried only slilghtly with changes in altlitude except for
data at 5000 feet for fuel-air ratios below 0.030.

The effect of flight Mach number on the veriation of exhanst-
gas total temperature, tall-plpe combustion efficlency, and burner-
and combustliocn-chamber-inlet conditions with tail-pipe fuel-air
ratio 1s shown in figure 12 for a range of flight Mach numbers from
0.27 to 0.92 at an altitude of 25,000 feet. Variations in flight
Mach number hed little effect on the combustion efficliency except
at fuel-air rastios below about 0.025 in the region of partiel burner
blow-cut (fig. 12(b)). The maximum teil-pipe combustion efficlency
of 0.86 occurred at all flight Mach numbers Investigated at tall-
pipe fuel-air ratios of ebout 0.030 to 0.040.

The exhsust-gas total temperature was only slightly affected
by variations in flight Mach number in the range investigated. With
configuration F the waximum exhaust-gas total temperature of 3200° R
was obtained at a tail-pipe fuel-air ratio of about 0.048 (Pfig. 11(a)),
which corresponds to an over-all fuel-alr ratlo of 0.053. The slope
of the curves 1ndicates that somewhat higher temperatures mlight be
obtalned at higher fuel-alr ratlos if the exhaust-nozzle area were
increased. :

Operation with a varisble-area exhaust nozzle would normally
result in constant burner-inlet conditicns at all fuel-air ratios
instead of the varistions shown in figures 11l(c) to 11(e)} and
12(c) to 12(e). High burner-inlet temperature and pressure normally
have a beneficlial effect on combustion efficiency. At a given .
flight condition, optimum burner-inlet conditlons exist at only one
tail-pipe fuel-air ratio with a fixed-area exhaust nozzle; whereas
operation with a variable-area exhaust nozzle would maske posslble
optimum burner-inlet (turbine-outlet) conditione over a wide range
of fuel-air retios with corresponding lmprovements in performance.
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Over-all performance., - Thrust, exhaust-gas total temperature,
and specific fuel consumptlon were obtained for configurations C, D,
E, and F (figs. 13 and 14) by cross-plotting the data for & turbine-
outlet temperature of 1650° R, which was the highest temperature at
which sufficlent data were available for cross-plotting with little
extrapolation. Calculations indicate that slightly higher thrust
augmentation would be obtained in operation at the limiting turbine-
outlet temperature of 1710° R. The performance data presented for
these configurations are significant only for the size exhaust nozzle
used. For the best configurations investigated, inoreasing the
exhaust-nozzle area would permlt operatlon at higher fuel-air ratios
with attendant increases in thrust and exhaust-gas total temperature,
although the specific fuel consumption would also be higher.

The varlation of exhaust-gas total temperature and the ratilo
of augmented to normal net thrust with flight Mach number at an
altitude of 25,000 feet is shown in figure 13. Augmented thrust
ls defined as the thrust with the tail-pipe burner installed and
normal thrust is deflined as the net thrust obtained at the same
turbine-outlet condlitions with the standard tell pipe. The ratlo
of augmented to normal thrust increased from 1,44 at a flight
Mach number of 0.27 to 1.67 at a flight Mach number of 0.92,

With this increase in flight Mach number, the exhauat-gas total
temperature rose from 3165° to 3295° R. With the average total-
pressure-loss ratio acrose the tall pipe of 0.030, the ithrust
with the tall-pipe burner inoperetive was 0.98 of that obtained
with the standard tail pipe.

Variation of the specific fuel consumption based on net thrust
with flight Mach number with the tall-pipe burner operating and with
the standard-engine tall pipe 1s shown 1n flgure 14. With the burmer
operating, the average specific fuel consumption for the four con-
figurations varled from 2.48 to 2.55 as the flight Mach number was
increaged from 0.27 to 0.92. The apecific fuel consumption with the
standard-engine tail pipe varied from 1.15 at a flight Mach number
of 0.27 to 1.32 at a flight Mach number of 0.92.

Operating Range

The operable range of tail-pipe fuel-air ratios for configu-
rations A to H is shown in figure 15 for altitudes from 15,000 to
45,000 feet and a flight Mach number of 0.27. At a gilven altitude,
operation was possible over a range of tall-pipe fuel-ailr ratios
from lean combustion blow-out, or the region of uncertain operation,
to the tail-pipe fuel-ailr ratio corresponding to limiting turbine-
outlet temperature. The region of uncertaln operation represents a

g8s1t
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range of fuel-alr ratios in which blow-out is likely to ocour. The
exact point of blow-out depende largely on the rate of throttle
retraction. With configuration G, rich combustion blow-out was
occasionally encountered at high altitudes. At an altitude of
15,000 feet, the reglon of uncertaln operation occupied a range of
tall-pipe fuel-gir ratlos from approximately 0.008 to 0.023. As
the altitude was Increased, lean combustion blow-out occurred at
higher fuel-alr ratios; at an altitude of 45,000 feet, lean blow-
out was encountered at tail-pipe fuel-air ratios as high as 0.032.

Periscope observations downstream of the exhaust nozzle Iindi-
cated that blow-out often occurred in steps with the first blow-out
at the outer ring of the flame holder and the last blow-out at the
center pilot. The datea presented are for complete blow-out. With
the variable-area nozzle, the combustion blow~out region might be
shifted to lower fuel-alr ratios because higher burmer-inlet tem-
perature and pressure would be obtailned at all fuel-alr ratlos.

Tail-Pipe Fuel Ignition

Several methods of igniting the tall-pipe fuel were investigated;
only three methods, however, proved to be reasonably successful., A
method of lgniting the tall-plpe fuel, which consistently provided
ignition at all flight conditions, was a rapid acceleratlion of the
engine that resulted in a dburst of flame through the turbine and into
the tail pipe. This method occasionally caused blow-out 1in the
englne combustors at 45,000 feet. Although this method is satlefac-
tory for experimental work, it is unsuitable for flight use.

A second method, system A (fig. 6) utilized the pilot cone at
the downstream end of the diffuser iImmer body to provide a sheltered
reglon in which to install a2 fuel nozzle and spark plugs. Fuel was
supplied to the ignition region by the nozzle in the pllot cone and
by the main fuel injectors. With this syatem, starts were possible
at reted englne speed up to an altlitude of 25,000 feet. Occaslonal
starts were made between 35,000 and 45,000 feet, Because the spark
plugs were subJect to fallure from vibration and high tempereature,
thls system was unrelieble.,

A third method, system B (fig. 6), which proved to be the most
satlsfactory, was developed from the practice of accelerating the
engine to provide a flame in the tall plipe. High-pressuwre fuel from
the tall-pipe-burner fuel pump was momentarily injected into one of
the engine combustors and a resultant burst of flame went through
the turbine and inkto the tail pipe. Ignition of the fuel et alti-
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tudes up to 50,000 feet was certain on the first attempt provided -
that a combustlible fuel-air mixture was present; all starts were
accomplished in less than 2 seconds, When starts were attempted
with tail-pipe fuel-air ratios too lean to ignite, the engine
speed Increased about 100 rpm as a result of the momentary increase
in fuel flow lnto the engine. Although the system was satliafac-
tory with the burner investligated, 1t might be inadequate on a
burner installation having e considerebly greater distance between
the turbine and the fuel injectors. Satisfactory operation of

this system required that the high-pressure fuel be approximately
200 pounds per square inch above the large-slot manifold pressure
at low altitudes. This pressure differentlal could be reduced

to ebout 100 pounds per square lnch at 45,000 feet. Subsequent
experiments have shown no deterloration of the turbine dlaphragm
after over 200 starts with this system.
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Tall-Pipe Cooling

Some of the tail-pipe burmers previously investigated (refer-
ence 3) that had no cooling liners installed became excessively hot
and prolonged operation at high fuel-ailr ratios resulted in damage
to the burner shell and the exhaust nozzle. Heat-transfer calcu-
latione have indicated the feasibllity of cooling the burner shell .
by installing a cooling liner inside the burmer shell and thereby
providing a flow of gas at turbine-outlet temperature between the
burner shell and the liner. The calculations indicated that a -
radlial space between the liner and the shell of from 1/2 to 1 inch
should be provided. Some doubt then exlsted, however, as to whether
& liner extending the full length of the burner section would not
fall because of excesslve tempersture. Several liners subsequently
investigated extended from 17 to 48 Inches shead of the exhaust
nozzle and provided a radilal space between the liner and the shell
of from 1/2 to 1 inch. A liner-extending the full length of the
burner section (48 in.) and with a l/2-1nch radial space between
the liner and the burner shell provided adequate cooling. With
this errangement, about 6 percent of the gas leaving the turbine
passed between the liner snd the burner shell, maintaining a shell
temperature below a meximum of about 1660° R for all flight con-
ditions investigated. The liner temperatures were somewhat higher,
but the liner could withstand such high temperatures because the
stresses in it were very low.

The method of supporting the liner offered considerable
trouble. The static pressure between the liner and the burner shell .
was slightly higher than the static pressure in the burner, which
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resulted In a force tending to collapse the liner. The liner could
not be rigidly secured tc the burner shell, however, because the
differential expansion between the two surfaces resulted in severe
warpage of the liner. The moast adegquate method of support found in
this phase of the investigation consisted of seam-welding 1- by
1/2-inch angles, 0.065 inch thick, longitudinally along the outer
surfece of the liner, spaced about 4 inches apart arcund the cir-
cumference. The flame-holder supports passed through slots cut in
the forward end of the liner, which permitted the liner to expand
with respect to the burmer shell, and longitudinal movement of the
liner was prevented by tack welds at the rear of the liner. The
longitudinal angles welded to the liner provided adequate stiffness
to prevent collapsing of the liner by the static-pressure differen-
tlal across it. Other Ilmprovements in methode of supporting the
liner were found in & subsegquent phase of the investigation.

SUMMARY OF RESULTS

The following results were obtained from an Investigation of a
29-inch-diameter tail-pipe burner on a turbojet engine in the NACA
Lewls altitude wind tunnel:

1. At an altitude of 5000 feet, the type of flame holder used
had only a small effect on the combustion efficiency. The decrease
in peak combustion efficlency as the altitude was Increased became
more raplid as the blocking area of the flame holder was reduoced.

2. At all altitudes investigated, an improvement in the uni-
formity of the rediasl mixture of fuel end alr slightly increased the
peak combustion efficiencles and shifted the peak combustion effi-
ciency to higher tall-pipe fuel-alr ratios.

3. At altitudes of 25,000 and 45,000 feet, the direction in
which the tail-pipe fuel was Injected Into the stream had no appar-
ent effect on the combustion efficiency. ’

4, The meximum tail-pipe combustion efficlency obtalined was
0.86. This efficlency was obtained over a range of flight Mech
numbers from 0.27 to 0.92 at an altitude of 25,000 feet and at a
flight Mach number of 0.27 at 35,000 feet with tall-plpe fuel-air
ratios of 0.030 to 0.040, which correspond to over-all fuel-air
ratios of 0.039 to 0.048.
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S. The use of an Internel cooling liner extending the full
length of the combustion chamber (48 in.) and having a 1/2-inch
gap between the liner and the burner ahell provided adequate shell
cooling at all flight comditione Ilnvestigated.

6. At an altitude of 25,000 feet and a turbine-outlet tem-
perature of 1650° R, the ratio of sugmented thrust to normal thrust
increased from l.44 at a flight Mach number of 0.27 to 1.67 at a
flight Mach npumber of 0.92. With thls Iincrease in flight Mach
number, the burner-outlet temperature rose from 3165° to 3295° R
and the average specific fuel consumption increased from 2.48 to
2.55 pounds per hour per pound net thrust.

7. Operation was possible with most of the tall-pipe-burmer
configurations investigated up to an altitude of 45,000 feet at a
flight Mach number of 0.27.

8. Momentary lnjection of high-pressure fuel into one of the
engine combustors provided satisfactory ignition of the tail-pipe
fuel at altitudes up to 50,000 feet at maximum engine speed.

Lewis Fllight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo,
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APPENDIX - METHODS OF CALCULATION
Symbols

The following symbols are used in the calculatlions and on the
Tigures.

A cross-sectional area, sg ft

B thrust scale reading, 1b

Cq flow (discharge) coefficient, ratio of effective flow area
to measured area

Cj Jet-velocity coefficlent, ratio of actual Jet velocity or
thruet to 1deal veloclty or thrust after expansion to free-
stream static pressure

Cp nozzle coefficient, Cch

Ch thermal-expansion ratlio, ratio of hot-exhaust~nozzle area to
cold-exhaust-nozzle area

D external drag of installdtion, 1b

Dr drag of exhaust-nozzle survey rake, 1v

FJ Jet thrust, 1lb

Fn net thrust, 1b

f£/a  fuel-air ratio

g acceleration due to gravity, 32.2 ft/sec2

H enthalpy, Btu/1b

h, lower heating value of fuel, Btu/1b

M Mach number

P total pressure, 1b/sq £t absolute

Ps'. total pressure at exhaust-nozzle survey station in standard-

engine tail pipe, 1b/sq ft absolute

P static pressure, 1b/sq £t absolute



18 NACA BM ESGOS

R gas constant, 53.4 £t~1b/(1b)(°R)
T total temperature, °R

t gtatic temperature, °r

v velocity, ft/sec

Wy, air flow, lb/sec

We bearing cooling air flow, 1lb/sec

We fuel flow, 1lb/br

Wf/Fn specific fuel consumption based on total fuel flow and net
thrust, 1b/(hr)(1d thrust)

Wg gas flow, lb/sec

V4 ratio of specific heats for gases
Ty combustion efficiency

Subscripts:

a air

-] engine

f fuel

1 indicated

m . temperature of fuel in manifold

8 scale

t tall-pipe burner

x inlet duct at frictionless slip Jolnt
o free-stream conditions

1 engine Inlet

6 tall-pipe burner inlet or turbine outlet
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7 tall-pipe combustion~chamber inlet
8 exhaust nozzle, 1 in. forward of outlet
9 exhaust-nozzle ocutlet

Calculations

Flight Mach number and alrspesed. - Flight Mach number and
equivalent alrspeed were caloulated from the ram pressure ratio by
use of the following egquation:

2=
7
0 7-1|\p
0
_ 2=l
o\ 7
Vo = Mo\ | 7eR Ti,l@_l) (2)

The equivalent free-stream total temperature was assumed equal to
engine-inlet Indicated temperature. The use of this assumption
introduces an error in airspeed of less than 1 percent.

Alr flow. = Alr flow through the engine was determined from
the pressures and the temperatures measured at the engine inlet.

=1 ]

1 Y
z2rg <?L{) -1
1 i (3)

“(7-1)Rt,;

Wg = Dify

Static temperature was obteined from the indicated temperature by
the use of an impact recovery factor of C.85. A small quantity of
alir approximately equal to the englne fuel flow was bled from the
compressor for bearing cooling and was taken into account in cal-
culating the combustion efficlency and the tail-pipe fuel-air
ratio.
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Tall-plpe gas flow. ~ The total weight flow through the tail-
pipe burner was calculated as

We o + Wp g
W, =W, +—22_ 23 _ W (4)
g a 3600 ¢

Augmented thrust. - The thrust of the installation was inde-
pendently determined from balance-scale measurements and from pres-
sures measured near the exhaust-nozzle outlet by means of a water-
cooled survey reke. Because of the inefficiency of the exhaust
nozzle, the scale thrust ls less than the rake thrust.

Jdet thrust was determined from the balance-sgcale measurements
by use of the followlng equatlon:

WaVx

FJ,s =B +D+D, + + Ax(px-po) (5)

The laspt two terms represent momentum and pressure forces on the
installation at the frictionless slip Jjoint in the make-up air duct.

The extermal drag of the installetion was determined from experiments

with the englne inoperative and with a blind flange installed to
prevent alr flow through the engine.

Rake thrust, which 1s the 1idesl thrust avallable, is glven by
the following equation based on the total pressures obtained at
station 8, 1 inch upstream of the exhaust-nozzle outlet:

rg-1
79
2CphgPg?g if Fg
F3,8 = 75T \pg - 1| + AgCp(pg-po) (6)

The value of 7y, was obtalned from an approximate exhaust-nozzle-
outlet temperature calculsted from scale thruast. Values of CT

were obtained from reference 6 and measured exhaust-nozzle skin
temperatures. At the maximum exhaust-gas total temperature of
3300° R, the value of Cp was 1.024. Inasmuch as the static pres-
sure pg was obtalned for only part of the data, the following

equations were alsoc used to determine rake thrust. For supersonic
Jet velocity,
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79'1

2C,C ALDoY P>79
T-d° 98’9 (g
F 2 ——— TS -1]l+C (pg=pn)
3,9 71 g aCrhg(Popo (7)

Wwhere

For subsonic Jet velocity,

—l
2CmCaA.
7 20pCahgPo?g (8)
J,g 79-1
where
pg = PO

The change In total pressure between the measuring station and the
exhaust-nozzle outlet was agsumed to be negligible.

Net thrust was obtained from jet thrust by the use of the
equatlion

F =FJ-?VO (9)

The flow coefficient C; used in equations (7) and (8) was

obtalned as follows: The Jet thrust given by equation (6) was
plotted as a function of Pe/bo for all the data contalnlng a value

of Pg- The appropriate expression for Jet thrust given by equa-
tions (7) and (8) with Cq omitted, was plotted on the same figure.

AN
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The flow coefficlent Cq was then obtained as the ratio of the ordi-
nates of the two curves.

In a similer manner, the combined nozzle coefficient C, was

obtained as the ratio of the scale Jet thrust (equetion (5)) to the
Jet thrust given by equations (7) and (8) with Cy omitted. The

Jet~veloclty coefficlent is given by

c
Cy = 5% (10)

The velues of thrust presented were obtained by use of equa-
tion (5), which includes nozzle losses.

Exhaust-gas temperature. - Values of exhaust-gas total-temperature

at the tail-pipe-burner outlet were determined by use of the equation

rg~l 7g-1

AgCyCr 2 e\ 2 7o
5Ca Ps) _2_g<79)<8) <Pe)
Ty = |———— — )= - 1= (11)
° < Vg R \r9-1/ [\Po Pg

Turbine-outiet temperature. - Because the temperature measure-
ments at statlon 6 were unrelliable when the tail-plpe burner wae 1ln
operation, the turbine-cutlet tempersiures given in table I were
caloulated by means of the followling relation:

f,e
H (Wg-Wo) +(——L{>h yl
a,l ‘Wa™"c 3600/ © b,e

Hg = Vs o (12)
Wy + —=+— = We
3600

The value of 'I'6 was then obtalned from Es and enthalpy chartas.

The engine combustion efficiency Ny o Was determined from experi-
b

ments without tall-pipe hurning to be approximately 98 percent at

rated englne speed.

Combustion-chamber-inlet wvelocity. - The veloclty at the
combustion-chamber inlet was calculated from the contlnuity equation
using the static pressure measured lmmedlately upstream of the flame

8sTt
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holder and agsuming constant total pressure and temperature froa
the turbine outlet to the burmer inlet ag follows:

76-1

e
v - 7T (37_) (15)
T pA; \Fe

Combustion efficiency. - Tall-pipe combustlion efficiency was
calculated by the equation

9 g 9
5600 WA'W€>Hé} + wf,e Hf,%} + wf,t Ef,%] = Wp e Be,e
1 m m

5 =
’ Vet be,t

(14)

The engine fuel ls assumed to be burned completely in the engine.
Digsociation has not been consldered In the calculation of combustion
efficlency; however, up to temperatures of 3600° R the effect of
dissoclation 1s negligible. The method of determining the eunthalpy
of fuel is given in reference 7.

Tail-pipe fuel-alr ratio. - The tall-pipe, fuel-air ratio is
defined =zs the ratio of the tall-pipe fuel flow to the unburmned sir
entering the tail-pipe burner. The assumpbion used in obtaining
thls equation was that the fuel inJjected in the engine was completely

burned.

W
£y . £t (15)
g t Wf e
Y- L1a8
ssooéfa wg 5557 .

The value of 0.087 1s the stolchiometric fuel-alir ratio for the
fuel used.

Normel thrust. - In order to account for the posslble perform-
ance deterioration in the basic engine during the progress of the
tall-pipe-burning program, the normal net thrust at rated engine
speed was calculated from measurementas of totel pressure and tem-
perature at the turbine outlet, the gas flow lesving the turbine,
and the total-pressure~loss ratio across the standard tall plpe.
The method of calculating this thrust is shown in the following
equation:
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76-1

W an—
c, W -w_ + L8 s
e J(;a c ssoo) 27¢ . 0 Vg
n = g 761 8RTg |1 - Pg' -7 Y%

(16)

where PB' is the product of PG and the total-pressure ratio
across the stendard tail pipe PB/PG at rated engine speed. A
value of 0.97 was used for C 3 in determining the actual thrust

of the basic engine.
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Flame holder

Dimension
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(b) Octagonal flame holder.
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(c) Pilot flame holder.
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Figure 4. - Schematic diagrams of flame holders.
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8-31-48

{a) Large two-V flame holder.
Figure 5. - Photographs of fleame holders.
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Figure S.

e
- Contimued. Fhotographs of flame holders.

(b) Octagonal flame holder.
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Tall-pipe combustion
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(b) Tail-pipe combustion efficilency.

Figure 7. — Effect of radlal fuel distribution on varlation of exhaust-gas
total temperature and combustion efficliency with tail-pipe fuel-ailr
Flight Mach number, O.2Z7. ) )

ratio.
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Figure 8, -~ Effect of direction of fuel injection on variation of
exhaust—-gas total temperature and combustion efficlency with tali-

pipe fuel-alr ratio.

Flight Mach number, 0.27; fuel pattern 3.



42

NACA RM EQGOS8

3000
& k-~ _ o=
o I
D - T
28 =
n « ’,a’ /’V.
o O o 2
wg 2000 Pt v
.p.:.; P /
gg-c) / " qu.aq
[o
35
+ 1000
(a) Exhaust-gas total temperature.
Config- Flame 51%%E?d°
_uration holder
< E Medium two-V 5,000
A F Large two-V —=—— 45,000
4 G Octagonal
A H Pilot
+80
el
&D 1 _//w’ z\
74
§ .60 /2.
o
5 /! f
& b <
% Z // e < haud
g A
o 040 pa -
v // // )4
2 / 4
B : £
g /// /
@ « 20 / /
o) / { /
2 Pt /
2 / L ax
Y.
g > <~z
0 S01 .02 .03 06 .06

«04
Tail-pipe fuel-air ratio, (f/a)y

(b) Tall-pipe combustion efficiency.
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fueleair ratio for configuration F. Flight Mach nwuber, 0.27.
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